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Experimental unilateral ureteral obstruction (UUO) is widely
used to study renal fibrosis; however, renal injury can only be
scored semiobjectively by histology. We sought to improve
the UUO model by reimplanting the obstructed ureter
followed by removal of the contralateral kidney, thus
allowing longitudinal measurements of renal function. Mice
underwent UUO for different lengths of time before ureteral
reimplantation and contralateral nephrectomy. Measurement
of blood urea nitrogen (BUN) allows objective evaluation of
residual renal function. Seven weeks after reimplantation and
contralateral nephrectomy, mean BUN levels were increased
with longer duration of UUO. Interstitial expansion, fibrosis,
and T-cell and macrophage infiltration were similar in
kidneys harvested after 10 days of UUO or following 10
weeks of ureter reimplantation, suggesting that the
inflammatory process persisted despite relief of obstruction.
Urinary protein excretion after reimplantation was
significantly increased compared to control animals. Our
study shows that functional assessment of the formerly
obstructed kidney can be made after reimplantation and may
provide a useful model to test therapeutic strategies for
reversing renal fibrosis and preserving or restoring renal
function.
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A morphological hallmark of end-stage renal failure is
widespread tubulointerstitial fibrosis.1 Unilateral ureteral
obstruction (UUO) is widely used to study renal fibrosis
(reviewed by Klahr and Morrissey2). However, the degree of
injury can only be scored using histological methods, without
providing objective data on the function of the affected
kidney, immediately after obstruction and during the
resolution phase. Several studies have described reversible
models of UUO in mice3,4 or rats,5,6 using ties or clips that
were removed. However, the patency of the ureters could not
be assured and longitudinal measurement of renal function
was not possible.
We developed an improved mouse model of UUO in
which the obstructed ureter was reimplanted into the bladder
after UUO: the UUO-R model (Figure 1). The contralateral
kidney was removed 3 weeks after reimplantation, leaving the
previously obstructed kidney as a life-sustaining organ, thus
enabling longitudinal objective measurement of renal func-
tion of the obstructed kidney by monitoring blood urea
nitrogen (BUN) as well as urinary protein leak.
RESULTS
Technical success rates
The reimplantation operation had a technical success rate of
496%. Failure was always due to excessive adhesions, which
made dissection of the obstructed ureter impossible without
causing severe hemorrhage or bowel rupture. Insufficient
length of the right ureter was never a cause of technical
failure. Each reimplantation operation took between 20 and
25 min. The left nephrectomy was performed 3 weeks after
reimplantation. It had a 100% technical success rate. Each
procedure took between 15 and 20 min.
Animal survival and renal function following UUO-R and left
nephrectomy
Reimplantation following the shortest period of UUO tested,
7 days, resulted in 80% immediate survival (X7 days) after
nephrectomy. Reimplantation after 10 days of UUO resulted
in 70% immediate survival, whereas only 25% of animals
survived if UUO was for 14 days. Long-term survival to the
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end of the experimental protocol (day 49 post-nephrectomy,
day 70 post-UUO) was 80, 50, and 0%, respectively (Figure 2a,
see also Table 1). BUN was measured in all groups after
contralateral nephrectomy. Surviving animals in the 7-day
UUO group showed elevated BUN measurements. At the
termination of the experiment 49 days after nephrectomy, the
mean BUN was 11.4±4.0 mmol l1 (n¼ 8), moderately
higher than naı¨ve age- and gender-matched mice (4.4±
2.3 mmol l1, n¼ 10, P¼ 0.0012, Figure 2b). By contrast,
reimplantation after 10 days of UUO resulted in highly
abnormal BUN (34.7±6.8 mmol l1 on day 49, n¼ 5,
Po0.0025 compared with 7-day UUO-R group, Figure 2c).
Reimplantation after 14 days of UUO resulted in high
mortality with sharp increase in BUN following nephrectomy,
leading to the death of the animals by day 13 (Figure 2d).
Histological changes following UUO-R
Interstitial expansion. When the obstructed kidneys were
harvested immediately after UUO for either 7 or 10 days, there
was histological evidence of significant interstitial expansion
compared with naı¨ve control kidneys (Figure 3a and Figure S1a–e).
Interestingly, the mean interstitial expansion score
decreased significantly to 15.5±4.5% in reimplanted kidneys
10 weeks after 7 days of UUO (P¼ 0.0104 compared with
7-day UUO without reimplantation; P¼ 0.2824 compared
with naı¨ve control; Figure 3a and Figure S1a–e).
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Figure 1 | The reimplantation procedure, UUO-R. (a, b) The obstructed ureter (OU) and urinary bladder (Bl.) were identified and freed
from adhesions. Identification of the black 7/0 silk tie used to tie the right ureter in the first operation usually aids to locate the obstructed end.
(c) A 28-G needle was pushed through into the bladder from the right-hand side, into its cavity, and out again through the left-hand side.
(d) A pair of fine forceps was used to hold the sharp end of the needle. (e) The needle and forceps were then pushed through into the bladder
and out again in a left-to-right manner. (f) The forceps were used to grasp the distal end of the ligated ureter. (g) This enabled the ureter
to be pulled into the cavity of the bladder and out again through the other side. (h) A vascular clamp (Aesculap; AG & Co., Tuttlingen,
Germany) was used to secure the distal end of the ureter and prevent it from slipping back into the bladder cavity. (i) Using 10/0 nylon
microsutures (Bear Medic Corp., Tokyo, Japan), six evenly spaced interrupted sutures were placed to stitch the ureter to the wall of the bladder
on the right. (j) The vascular clip was then removed and the tied end of the ureter was trimmed by microscissors, approximately 5 mm
from the 7/0 silk tie. (k) This removed the obstruction and a gush of urine could be seen. (l) The trimmed ureter was allowed to spring back into
the bladder cavity and the defect on the left side of the bladder was repaired with 10/0 nylon microsutures using 2–3 interrupted sutures.
The bowels were then placed back into the abdomen and the laparotomy incision was closed as before.
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Collagen deposition. To confirm that the expansion in the
interstitium is due to fibrosis, martius–scarlet–blue trichrome
staining was performed. Figure 3b shows that 10 days of
UUO resulted in a higher interstitial collagen score when
compared with 7 days (P¼ 0.0093), which in turn is higher
than naı¨ve control (P¼ 0.0007). However, 10 weeks after
reimplantation, the interstitial collagen score was similar in
both groups, suggesting that there is no significant recovery
(Figure S1f–j).
Lymphocytic infiltrates. The lack of histological recovery
following UUO-R may be due to the inability of the kidneys
to repair injury or due to ongoing inflammation. Therefore,
we stained kidney samples for lymphocytic infiltrates
immediately after UUO and 10 weeks after reimplantation.
Figure 4a shows that although macrophages were only found
in low numbers in naı¨ve kidneys, their infiltration in
obstructed kidneys persisted following reimplantation in
both the 7- and 10-day UUO group (see also Figure S1k–o).
Similarly, there was little change in the level of CD4þ and
CD8þ T cells 10 weeks after reimplantation (Figure 4b and c
and Figure S1p–t and u–y).
Urinary protein leak
After 10 days of UUO and reimplantation of 18–25 days,
140.2±24.4 mg urinary protein per 24 h was excreted (n¼ 5)
compared to 9.3±4.0 mg in naı¨ve animals (n¼ 6;
P¼ 0.0095).
DISCUSSION
Reimplantation of the obstructed ureter is a simple,
well-tolerated operation that allows the function of
the previously obstructed kidney to be quantified in an
objective manner. In developing this model, we used BUN as
a surrogate marker of renal function; however, plasma
creatinine, inulin clearance, or creatinine clearance from
24-h urine could be used as well to measure true renal
function. In addition, protein leak could be measured.
One major advantage of the UUO-R model is that when
the tied end of the ureter is cut (Figure 1j), a gush of urine
can be seen (Figure 1k); the flow of urine from the right
kidney into the bladder can thus be ensured. Cochrane et al.4
have used clips that were removed to relieve the UUO.
However, the patency of the ureter cannot be assured. In
their series, 3 out of 11 mice shredded the ureters after
unclamping, giving a high failure rate. In addition,
Cochrane et al.4 catheterized individual ureters at the
termination of their experiments to measure renal function,
which failed in 4 out of 11 cases. By contrast, we were able to
measure BUN serially in individual animals providing more
information without risk of technical failure.
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Figure 2 | Survival and kidney function in animals following UUO-R. C57BL/6 mice were subjected to UUO for 7, 10, or 14 days.
(a) Animal survival following contralateral nephrectomy. (b, c, and d) BUN after contralateral nephrectomy in mice that have undergone
UUO for 7, 10, and 14 days, respectively. MST, median survival time.
Table 1 | Animals used in UUO groups and survival till termination
Days of
UUO
Obstruction
(n)
Re-implantation
(n)
Contralateral
nephrectomy (n)
Immediate
survival (X7 days) (n)
Survival at termination
(49 days) (n)
7 10 10 10 8 8
10 12 11a 10b 7 5
14 12 12 12 3 0
UUO, unilateral ureteral obstruction.
aAnimals died during UUO operation.
bAnimals died during re-implantation operation.
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After 7 days of UUO, there was significant expansion of
the interstitial space that resolved after reimplantation. This
would suggest a reversible separation of tubules, most likely
to be due to edema. In contrast, the interstitial expansion
after 10 days of UUO was not reversed after ureteral
reimplantation. This is supported by significantly more
trichrome collagen staining after 10 days of UUO, which
was also not reversed after ureteral reimplantation. This
could represent fibrosis that develops during the period of
obstruction that then persists after ureteral reimplantation.
Alternatively, there may be ongoing injury even after reversal
of obstruction.
This latter possibility is supported by persistent inflam-
matory infiltrates. We have not measured a-smooth muscle
actin expression in the obstructed kidney, however, and
investigators interested in using this in their fibrosis model
may find this useful.
We have terminated the experiments at day 49 after
contralateral nephrectomy. As all but one animal in this series
had extremely stable BUN, it would have been possible to
keep the vast majority of these animals for longer than 49
days. Longer periods of observation following relief of
obstruction may reveal additional information regarding
recovery potential.
This observation is in contrast to that of Cochrane et al.,4
who suggested resolution of injury after unobstruction of the
ureter.4 One difference is that their study left the unmani-
pulated kidney in situ. In our study, the unmanipulated
kidney was removed, leaving the previously obstructed,
injured kidney as a life-sustaining organ. In response to this,
there will be hyperfiltration. The proteinuria observed may be
secondary to the obstruction and/or hyperfiltration. It is well
known that hyperfiltration and proteinuria are associated
with progressive histological injury to the kidney and loss
of function.1,7 The number of glomeruli and formation of
atubular glomeruli might be significant determinants of
recovery following UUO.3 Our UUO-R model would be ideal
to further investigate this phenomenon.
The improved UUO-R model is quick and easy to master.
It is an improvement on a popular and powerful model to
study renal fibrosis and should be considered by investigators
currently using the traditional UUO model to complement
their histological data with functional information about the
kidney.
MATERIALS AND METHODS
UUO operation
Under general anesthesia, the UUO operation was performed on
8-week-old female C57BL/6 mice (Harlan UK Ltd, Bicester, UK) as
previously described,8 with the ureter tied as close to the bladder as
possible. This mimics obstruction caused by pelvic tumors or
prostatic obstruction rather than the most frequently observed
obstructive uropathy at the pelviureteric junction, which is more
proximal. However, histological comparison between low tie and
high tie UUO revealed no difference in the degree of injury or
fibrosis (data not shown).
Reimplantation of the obstructed ureter
A right para-median laparotomy incision was made. The bowels
were reflected upward onto moistened gauze to expose the
obstructed right ureter. Adhesions surrounding the right ureter
from the UUO operation were dissected, carefully avoiding
damaging the newly formed blood vessels in the vicinity caused by
the first laparotomy. The entire length of the right ureter was freed
to enable its reimplantation (Figure 1). Three weeks after
reimplantation, the contralateral kidney was removed, leaving the
previously obstructed right kidney as a life-sustaining organ.
BUN, urinary protein measurements, and histological analysis
Serum BUN measurements, urinary protein measurements, and
histological analysis were performed as described previously.9–11
Statistics
The Mann–Whitney non-parametric T-test was used to compare
histology of different groups and the log-rank sum test was used to
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Figure 3 | Comparison of histological manifestations of renal
fibrosis following UUO and UUO-R. (a) Interstitial expansion
score in naı¨ve kidneys (CTRL) and kidneys obstructed for either 7 or
10 days with or without reimplantation showing more severe injury
after 10 days of obstruction and improvement with reimplantation in
the 7-day group. The mean interstitial expansion score was
13.0±3.92% in naı¨ve control, 24.5±6.1 and 34.8±4.2% after 7 and
10 days of UUO, respectively (P¼ 0.0027 and P¼ 0.0012 compared
with naı¨ve control, respectively). Obstruction for 10 days resulted
in a significantly higher score than for 7 days (P¼ 0.0012).
(b) Collagen deposition scored on martius–scarlet–blue
trichrome-stained sections showing increased collagen deposition in
the 10-day group compared with 7-day group.
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compare survival between groups (Prism4, Graph Pad Software Inc.,
San Diego, CA, USA).
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Figure S1. Histological changes following UUO-R.
REFERENCES
1. Harris RC, Neilson EG. Toward a unified theory of renal progression.
Annu Rev Med 2006; 57: 365–380.
2. Klahr S, Morrissey J. Obstructive nephropathy and renal fibrosis. Am J
Physiol Renal Physiol 2002; 283: F861–F875.
3. Thornhill BA, Forbes MS, Marcinko ES et al. Glomerulotubular
disconnection in neonatal mice after relief of partial ureteral obstruction.
Kidney Int 2007; 72: 1103–1112.
4. Cochrane AL, Kett MM, Samuel CS et al. Renal structural and functional
repair in a mouse model of reversal of ureteral obstruction. J Am Soc
Nephrol 2005; 16: 3623–3630.
5. Chevalier RL, Kim A, Thornhill BA et al. Recovery following relief of unilateral
ureteral obstruction in the neonatal rat. Kidney Int 1999; 55: 793–807.
6. Chevalier RL, Thornhill BA, Chang AY. Unilateral ureteral obstruction in
neonatal rats leads to renal insufficiency in adulthood. Kidney Int 2000;
58: 1987–1995.
7. Remuzzi G, Bertani T. Pathophysiology of progressive nephropathies.
N Engl J Med 1998; 339: 1448–1456.
8. Kaneto H, Morrissey J, Klahr S. Increased expression of TGF-beta 1
mRNA in the obstructed kidney of rats with unilateral ureteral ligation.
Kidney Int 1993; 44: 313–321.
9. Robson MG, Cook HT, Botto M et al. Accelerated nephrotoxic nephritis is
exacerbated in C1q-deficient mice. J Immunol 2001; 166: 6820–6828.
10. Vielhauer V, Berning E, Eis V et al. CCR1 blockade reduces interstitial
inflammation and fibrosis in mice with glomerulosclerosis and nephrotic
syndrome. Kidney Int 2004; 66: 2264–2278.
11. Brown K, Moxham V, Karegli J et al. Ultra-localization of Foxp3+ T cells
within renal allografts shows infiltration of tubules mimicking rejection.
Am J Pathol 2007; 171: 1915–1922.
7d UUO 7d UUO-R 10d UUO 10d UUO-R CTRL
0
25
50
75
100
CD
4+
 
ce
lls
 p
er
 H
PF
7d UUO 7d UUO-R 10d UUO 10d UUO-R CTRL
0
25
50
75
100
CD
8+
 
ce
lls
 p
er
 H
PF
7d UUO 7d UUO-R 10d UUO 10d UUO-R CTRL
0
10
20
30
40
50
M
ac
ro
ph
ag
e 
in
filt
ra
tio
n 
sc
or
e 
(%
) P=0.0303P=0.035
P=0.0101
P=0.0444
P=0.0025
P=0.0079 P=0.0016
P=0.0025
P=0.0043
Figure 4 | Infiltration of leukocytes into obstructed kidneys following UUO and UUO-R. (a) Macrophage infiltration in naı¨ve kidneys
(CTRL) and kidneys obstructed for 7 or 10 days with or without reimplantation. (b) CD4þ T-cell infiltration in kidneys obstructed for
7 or 10 days, with or without reimplantation, showing persistence of infiltration after reimplantation. (c) CD8þ T-cell infiltration in kidneys
obstructed for 7 or 10 days, with or without reimplantation, showing persistence of infiltration after reimplantation.
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